Graphical Abstract Highlights d Lamina neurons underestimate contrast when light levels suddenly decline d Distinct visual pathways postsynaptic to photoreceptors encode contrast and luminance d The luminance-sensitive pathway via L3 is necessary for behavior in sudden dim light d L3 scales behavioral responses in contextual dim light across adaptation states SUMMARY Visual perception scales with changes in the visual stimulus, or contrast, irrespective of background illumination. However, visual perception is challenged when adaptation is not fast enough to deal with sudden declines in overall illumination, for example, when gaze follows a moving object from bright sunlight into a shaded area. Here, we show that the visual system of the fly employs a solution by propagating a corrective luminance-sensitive signal. We use in vivo 2-photon imaging and behavioral analyses to demonstrate that distinct OFF-pathway inputs encode contrast and luminance. Predictions of contrast-sensitive neuronal responses show that contrast information alone cannot explain behavioral responses in sudden dim light. The luminance-sensitive pathway via the L3 neuron is required for visual processing in such rapidly changing light conditions, ensuring contrast constancy when pure contrast sensitivity underestimates a stimulus. Thus, retaining a peripheral feature, luminance, in visual processing is required for robust behavioral responses.
In Brief
Ketkar and Sporar et al. reveal a novel mechanism in which visual systems can mediate accurate behavioral responses to visual cues under changing light conditions. Luminance information is preserved in a distinct pathway past photoreceptors. This pathway is required for visual behavior when pure contrastsensitivity underestimates a visual stimulus. 
INTRODUCTION
Sensory systems have evolved to detect changes rather than absolute inputs from their environment. For example, while we might forget that glasses are perched on top of our head, we can feel an insect landing on our skin. Similarly, visual systems are well suited to detect changes in light intensity. In many contexts, changes in perception are proportional to relative changes in a stimulus (Weber contrast) [1, 2] . The ability to process such changes in sensory input under changing conditions is crucial to the behavior and survival of many organisms.
In vision, the most basic characteristic of a visual stimulus is the distribution of luminance, which is the luminous intensity per unit area. Rather than responding to luminance, many cells in the visual system instead respond to contrast [3] [4] [5] . Contrast can be defined in the temporal or spatial domain. Here, we study temporal contrast, which corresponds to the relative change in luminance (Weber contrast) over time at a single point in space. We will describe a mechanism that ensures contrast constancy, a visual phenomenon that allows discrimination of a visual feature from its background solely based on its contrast, regardless of the global light level [2, [6] [7] [8] .
Many visual systems are well suited to function at dusk, dawn, or in daylight as well as in rapidly changing environments. In both vertebrates and invertebrates, photoreceptor adaptation is a key mechanism that ensures contrast computation irrespective of background illumination [3, 6, 9] . Photoreceptor adaptation happens across different timescales that range from tens of milliseconds to tens of seconds [6, [10] [11] [12] [13] . However, animals frequently encounter close-to-instantaneous changes in luminance that far exceed photoreceptor adaptation. For example, during selfmotion, saccadic eye movements, or when gaze follows a moving object into the shade, background luminance changes within milliseconds. A failure to adjust light sensitivity equally fast would lead to inaccurate calculation of contrast and a misinterpretation of salient cues ( Figure 1A) . Therefore, the timescale of adaptation might limit the capability of the visual system to ensure contrast constancy in fast-changing light conditions, and thus may be alone insufficient to explain robust visual behaviors under changing conditions. Core visual circuits have been mapped in the fruit fly Drosophila, which responds to visual cues at luminances spanning orders of magnitude [15] [16] [17] [18] . Briefly, information passes from the retina through the lamina and medulla to the lobula complex. Visual information is computed in 800 parallel channels, together forming a retinotopic array. Downstream of photoreceptors, visual circuitry splits into pathways that are specialized to detect contrast increments (ON) or decrements (OFF). The lamina neuron L1 forms the principal input to the ON pathway, whereas L2 and L3 are major input neurons to the OFF pathway [19] [20] [21] . Together, L1-L3 are referred to as large monopolar cells (LMCs). Based on behavioral experiments, L2 and L3 were considered to mediate fast and slow motion-processing pathways, respectively [21, 22] . However, while L1 and L2 show transient responses to light and biphasic filtering properties, L3 responses are sustained and display a monophasic linear temporal filter [19, 21, 23, 24] . This argues that L2 and L3 are sensitive to entirely different features of the visual scene.
In flies, voltage recordings have shown that the photoreceptor cells respond to prolonged, bright illumination with an initial transient phase, which encodes contrast, followed by a luminance-sensitive plateau, which lasts for the duration of the stimulus [6] . Downstream LMCs are thought to amplify photoreceptor contrast signals while discarding information about constant illumination [13, 14] . Such contrast responses in LMCs have been extensively characterized in flies that were adapted to different mean luminances [14] . However, it is not known how the visual system deals with contrast signals in a non-adapted state. Ideally, an animal should be able to show invariant responses to contrast under rapidly changing light conditions. To achieve contrast constancy under such conditions, information about illumination might be advantageous. Interestingly, in the vertebrate retina, luminance sensitivity is retained past photoreceptors at the bipolar cell to amacrine cell synapse [25, 26] . Furthermore, intrinsically photosensitive retinal ganglion cells can contribute to image-forming visual functions [27] [28] [29] . However, in the Drosophila visual system, a luminance-sensitive component has not been described past photoreceptors. Furthermore, it is not known whether luminance indeed contributes to image processing past the initial detection stage.
Here, we uncover a luminance-sensitive pathway in the Drosophila visual system. Contrast-sensitive neuronal responses alone are insufficient to account for behavioral responses to changing visual stimuli, arguing for the presence of a corrective signal that scales contrast-sensitive responses when light levels suddenly decline. Through a series of in vivo calcium-imaging experiments, we show that the two input neurons to the OFF pathway, L2 and L3, encode contrast and luminance, respectively. Luminance information from L3 is necessary for appropriate behavioral responses to visual cues when background luminance suddenly becomes dim. This is true across a range of adaptation states. Our data demonstrate that luminance information is retained in a specialized L3 pathway and used as a corrective signal that ensures contrast constancy. This work thus highlights a novel mechanism that allows accurate image processing under dynamically changing light conditions. ) is computed as the difference between object and background luminance (I Obj À I Bg ), normalized by background luminance, (A and A'), unless the change in background luminance is faster than adaptation (A''). In (A''), a contrast-sensitive behavioral response (R, solid line) will be smaller than in (A and A') because of insufficient adaptation, and thus underestimate the visual stimulus generated by the predator (dashed line). This needs to be adjusted by a corrective signal (arrow). (B) An LED arena surrounds a fly walking on an air-cushioned ball. The LEDs can show 16 different intensity levels. OFF edges move onto backgrounds of different luminances (stars). Turning responses to five moving OFF edges varying in onset luminance, the gray box region indicates motion duration. n = 10 flies. (C) Contrast-sensitive responses of LMCs are calculated for the stimuli in (B) according to previous recordings of canonical LMCs [14] and are plotted together with peak turning velocities from (B). LMC response to the biggest contrast is aligned with the corresponding behavioral response. Traces and plots show mean ± SEM.
RESULTS

Contrast-Sensitive Neurons Underestimate Visual Inputs in Sudden Dim Light
Contrast signals generally convey salient information about the visual scene, and adaptation is one mechanism to ensure that this is done accurately across light conditions ( Figure 1A ). To compute contrast in a system that is fully adapted, the difference in object and background luminance is normalized to background luminance. This ensures that the contrast signal remains similar irrespective of illumination ( Figures 1A and 1A' ). However, light conditions changing faster than neural adaptation mechanisms might challenge visual perception when pure contrast sensitivity underestimates a visual stimulus ( Figure 1A ''). We thus hypothesized the existence of a corrective signal that adjusts the behavioral response when flies suddenly enter a dim area, where objects appear to be of low contrast ( Figure 1A '').
To test this idea, we first asked if changing light conditions indeed provide a challenge for the visual system to accurately compute temporal contrast. Behavioral responses to visual stimuli scale predominantly with contrast. If contrast computation alone provides the relevant input to image processing when illumination suddenly changes, behavioral responses and contrastsensitive LMC responses should vary together. We therefore compared contrast-sensitive LMC responses with behavioral responses to the same set of visual stimuli. We examined the flies' behavioral response to OFF edges moving onto different bright backgrounds, using a fly-on-a-ball assay ( Figure 1B ). We showed one of a range of different background luminances for 500 ms, and then moved an OFF edge onto this background. The five different background luminances were randomly interleaved. Wild-type flies showed a co-directional turning response with the rotating OFF edge over the duration of the stimulus and displayed some counter-turning after the end of the motion epoch. Quantification of the response to the motion duration showed similar turning responses to all of these five OFF motion stimuli ( Figure 1B ). Similar turning responses to dark bars have been previously described [30] .
Contrast-sensitive LMC responses have been thoroughly characterized under many adapting conditions [14] . Previous recordings of contrast-sensitive LMCs contain different lamina neuron subtypes (L1 and L2, which are both transient), and we will call their responses ''canonical'' LMC responses. These previous recordings allowed us to predict LMC responses to the stimuli used in the behavioral paradigm. In order to predict the responses, we first reconstructed a contrast-response curve for our behavioral stimulus set. From this curve, we predicted canonical contrast-sensitive LMC responses for all OFF edges used ( Figure 1C ). In brief, because flies were not given enough time to fully adapt to each background, we assumed adaptation to the mean luminance during the entire stimulus and generated a LMC response curve for this adaptation state from [14] . From this curve, we calculated LMC responses as if a step were taken from the adapted luminance to the luminance of the OFF edge and the background individually, and generated ''predicted'' LMC responses as the difference between these two.
Comparing those predicted LMC responses with the fly turning responses showed that LMC responses did not scale with behavior but underestimated the stimulus for motion onto dim backgrounds ( Figure 1C ). Therefore, another signal must indeed exist that, together with pure contrast sensitivity, provides accurate information about visual stimuli in changing light conditions.
Calcium Signals Are Contrast Sensitive in L2 but Not L3 Inputs to the OFF Pathway A corrective signal that acts together with contrast-sensitive signals to generate appropriate behavioral responses could be provided by luminance information. Downstream of photoreceptors, LMCs have been described as inverted, transient versions of their photoreceptor inputs, which signal contrast [13] . However, the two major LMC input neurons to the OFF pathway, L2 and L3, differ in their filtering properties [19, 21] . We therefore asked if both L2 and L3 are indeed sensitive to contrast. We expressed the calcium indicator GCaMP6f specifically in L2 or L3 and recorded calcium signals in response to light flashes in their axon terminals using in vivo 2-photon imaging (Figures 2A and  2B ). L2 and L3 showed the same response polarity to light flashes, but while L2 axon terminals responded to light flashes in a transient manner, L3 responses were sustained, even for light flashes lasting tens of seconds [23] ( Figures 2B and 2C ). Responses in both L2 and L3 neurons were no longer significantly different from the steady state 10.5 s (L2) and 11.7 s (L3) after the OFF step ( Figure S1 ). To explicitly test the contrast sensitivity of L2 and L3, we presented different ON and OFF steps, all relative to an intermediate gray background (Figures 2D-2G ). The gray-to-dark steps ranged from À20% to À100% temporal Weber contrast, c = (I dark -I gray )/I gray . Recordings from the axon terminals of both L2 and L3 showed that their responses varied with the contrast of the gray-to-dark step (Figures 2D-F). However, the stimulus contained another set of contrast changes, which occurred when returning to background gray following an ON step (bright-to-gray steps, c = (I gray -I bright )/ I bright ). L2 responses to these contrast decrements again increased with contrast, while L3 showed almost no response (Figures 2D, 2E, and 2G). Together, our data show that L2 and L3 axon terminals respond differently to visual inputs. Calcium signals in L2 are proportional to a wide dynamic range in terms of contrast sensitivity. L3 neurons hardly responded to stimuli that were returning from bright to gray.
L3 Is Luminance Sensitive and Particularly Active in Dim Light
L3 only responded to contrasts presented at dim background, but these stimuli also differed in luminance. To explicitly test contrast versus luminance sensitivity in L2 and L3, we adapted flies to a bright background and then provided two sequential OFF steps (A and B steps), in which the first OFF step varied in magnitude with respect to both contrast (c = (I A -I background )/ I background ) and luminance. The second step varied in luminance but always had 25% Weber contrast (c = (I B -I A )/ I A ) ( Figure 3A) . A similar stimulus has been used to describe luminance and contrast coding at the bipolar-to-amacrine cell synapse in vertebrates [25] . Differences in response to the first step can be attributed to either luminance or contrast, whereas only a cell that measures fast temporal contrast will respond with the same magnitude to all B steps. L2 calcium signals scaled linearly with contrast, and all six responses to 25% contrast OFF steps were virtually indistinguishable from one another (Figures 3A-3C). Interestingly, L3 showed significant differences in response to the 25% contrast steps ( Figures 3A and 3D ). Plotting calcium signals as a function of luminance revealed that L3 responses to the A step were similar to the responses to the B step at a similar luminance ( Figure 3E ), indicating that calcium responses in L3 are sensitive to luminance but not contrast over the timescales of these stimuli.
We next tested L2 and L3 responses to the same luminance values but associated with different contrasts ( Figure 3F ). When flies were shown a stimulus that varied randomly between five different luminances, L2 neuron responses scaled with the magnitude of the recent step change in luminance. Furthermore, calcium signals in L2 returned to one fixed baseline within each 10 s window ( Figure 3F ). In contrast, calcium signals in L3 axon terminals did not adopt a single baseline but varied with luminance and were most active at the lowest luminance ( Figure 3F ). When we calculated mutual information between stimulus and calcium signals, L3 showed significantly more information about luminance than L2 ( Figure 3G ). Mutual information was indistinguishable between 2 s and 10 s of stimulus presentation ( Figure S2A ). Analysis of the plateau component in many cells confirmed that the L2 baseline always returned to zero ( Figures 3H and S2B ). The plateau response of L3 was independent of the preceding step but indistinguishable when the stimulus ended at the same luminance ( Figure S2C ). Pooled L3 responses for steps ending at the same luminance were highest in dim light and showed a non-linear decline with increasing luminance ( Figure 3I ). Taken together, our data show that luminance information is retained in parallel to contrast information. L2 and L3 thus extract different components of the photoreceptor response. Whereas calcium signals in L2 are sensitive to contrast, L3 carries information about luminance.
L3 Neurons Are Required for Motion Responses when Light Levels Suddenly Decline
Comparing canonical LMC responses and fly turning showed that pure contrast sensitivity underestimated behavioral responses to moving stimuli ( Figure 1C ). Mechanisms such as spatial pooling or sensorimotor processing might account for this discrepancy [16, 31, 32] . Alternatively, the newly identified luminance information might provide a corrective signal to ensure contrast constancy. To test this, we selectively silenced L2 or L3 outputs using shibire ts (shi ts ) and tested behavioral responses to the same OFF motion stimuli used above ( Figures  1B and 1C ). Compared with control turning responses, which were similar across all stimuli, flies lacking L2 outputs showed a significant reduction in response to all moving OFF edges (Figures 4A and 4B) [19, 21] . Whereas L3-silenced flies turned with normal response amplitude to stimuli starting with higher luminance, they showed response deficits when the luminance at Figures 4A and 4B ). This result was consistent when using a second L3-Gal4 line ( Figure S3 ). Strikingly, the behavioral response of L3-silenced flies closely resembled the predictions of canonical LMCs for all stimuli tested ( Figure 4C ). These data argue that L3 indeed accounts for most of the discrepancy between purely contrast-sensitive responses and behavior and provides a corrective signal in contexts where background illumination changes quickly. The remaining discrepancy can then be accounted for by subsequent sensorimotor processing. This finding further allows for two interpretations: L3 could be required in absolute dim light, or it could be required in contextual dim light for each adaptation state (i.e., the low end of the range of luminances encountered). To distinguish these possibilities, we used a stimulus with identical parameters to the previous set but only containing the darkest stimulus in which L3 silencing had the strongest effect. If L3 is required at low luminance regardless of the animal's adaptation state, blocking L3 outputs will have a similar phenotype for behavioral responses to this OFF edge moving onto a dark background. If the L3 requirement depends on the adaptation state, blocking L3 outputs will lead to different results depending on the range of stimuli that the fly is presented with. When flies were shown only the darkest background, the turning response of control flies was similar to their responses to the same stimulus from the full set comprising five different backgrounds ( Figures 4A, 4B , and 4D). Interestingly, blocking the outputs of L3 when the fly only experienced this one background luminance did not result in a phenotype, contrasting with the effect of L3 silencing when using a set of stimuli that included brighter background luminances ( Figure 4D ). Thus, flies do not adapt to each individual trial when different background luminance levels are interleaved. Taken together, contrast-sensitive lamina neurons cannot fully account for behavior, and L3 neurons are functionally required for OFF edge motion detection in contextual dim light, relative to the range of stimuli that the fly is encountering ( Figures 4D and 4E ). This is consistent with the physiological specialization of L3 neurons, strongly responding to dim stimuli. Our data thus suggest that luminance information provided by a pathway via L3 scales behavioral responses when pure contrast sensitivity underestimates the visual input.
L3 Physiological Properties Are Maintained at Different Adaptation States
Calcium recordings showed that L3 neurons are luminance sensitive and mainly active in dim light, but so far, we tested this for one adaptation state in our imaging experiments. We next wanted to know whether L3 calcium signals provide information about luminance at different adaptation states. To test this, we used neutral density (ND) filters to change the overall mean luminance of the stimuli $4-fold in our in vivo 2-photon recordings. We recorded the same flies in bright and dim conditions. Using the stimulus that varied randomly between five different luminances, L3 calcium responses were sustained in both regimes and most active in dim light ( Figure 5A ). L3 neurons showed a nonlinear decline with increasing luminance for both conditions (Figures 5B and 5C). After adapting flies to a bright background and then providing the two sequential OFF steps, L3 responses to both the A and B steps scaled as a function of luminance in bright and dim conditions ( Figures 5D-5H ). These data suggest that L3 neurons are luminance sensitive, such that their calcium signals are highest in contextual dim light, for different adaptation states.
L3 Neurons Scale Behavioral Responses to Match Stimulus Contrast Under a Range of Light Conditions
We next asked if the luminance-based scaling of the LMC response is required for behavioral responses at many different light adaptation states. The behavioral assay allowed us to examine a wider range of luminances compared with imaging. We altered the luminance range of the stimulus using neutral density filters, such that background luminance covered four orders of magnitude ( Figure 6A ). Contrast sensitivity of LMCs varies with adaptation to the mean of the luminance history [14] . Previous LMC measurements again allowed us to predict contrast-sensitive, canonical LMC responses under any of the individual adaptation regimes [14] ( Figure 6A ). We measured optomotor responses to the same set of OFF edges as above. For low filter densities, corresponding to moderate-to-high background luminances, wild-type responses to moving OFF edges did not differ significantly from each other ( Figure 6A) . At low luminance, the turning amplitude decreased, indicating that flies were reaching visibility threshold. The behavioral responses appeared to be a continuous function of luminance across the five adaptation states tested ( Figure 6A) . In contrast to behavior, predicted canonical LMC responses dropped to near zero at the lower end of each regime. LMC prediction curves appeared shifted relative to each other. Within each adaptation state, predictions of canonical LMC responses were low for dim OFF edge stimuli, relative to the current luminance range ( Figure 6A ).
To test if this discrepancy can be accounted for by L3 function, and if L3 is required for motion responses in all of these regimes, we next silenced L3 under all stimulus conditions ( Figure 6B ). Strikingly, we found that L3 was not required for motion responses in bright conditions for each adaptation state ( Figure 6B , right column). In contrast, L3 silencing led to deficits in motion detection at contextual dim light under all conditions that still produced wild-type turning ( Figure 6B ). Moreover, behavioral curves for turning responses in L3-silenced flies showed remarkable similarity to predictions based on contrast-sensitive LMC responses ( Figures 6A and 6C ). Together, luminance information from the L3 pathway ensures appropriate behavioral responses to contrast at different individual adaptation states ( Figure 6D ).
L3 Function Is Sufficient for Behavioral Responses to Motion in Dim Light
Having established that L2 and L3 are contrast-and luminancesensitive inputs to the OFF pathway and that L3 is required for appropriate behavioral responses to contrast, we asked whether L3 is merely facilitating motion responses computed by parallel pathways or whether an L3 pathway alone could play a more active role in motion processing. The temporal constraints of calcium imaging do not allow us to measure the temporal properties of L2 and L3 to the immediate onset of visual stimuli. We therefore optically recorded voltage signals using the genetically encoded voltage sensor ASAP2f [33] . Both L2 and L3 displayed a fast voltage response to the onset of light ( Figure 7A ), consistent with previous LMC voltage recordings [34, 35] . This argues that an L3 pathway alone could process visual motion cues and L3 neurons might be sufficient to generate behavioral responses.
To test this hypothesis, we performed behavioral experiments in which photoreceptor signaling to all but one lamina neuron type were disrupted, using L3 ort (outer rhabdomeres transientless) rescues. ort is the gene encoding a histamine-gated chloride channel, the major receptor transmitting photoreceptor signals to lamina interneurons [36] . Cell-type-specific expression of ort in L3 in an ort mutant background enabled us to restore photoreceptor inputs selectively onto L3 ( Figure 7B ). We found that flies lacking Ort channels hardly responded to dim moving OFF edges but could still respond to brighter stimuli ( Figures  7C and 7D ). Although this is in contrast to previous reports that found that ort mutants to be motion blind [20, 37] , we for the first time used a defined null allele containing a 569-bp deletion within the ort gene and leading to a premature Stop codon in trans to a deficiency deleting the entire ort locus (ort 1 /ort Df ). Our results argue in favor of an ort-independent phototransmission (see also [38, 39] ). Since responses to dim OFF edges were small in ort mutants, this allowed us to test L3 0 s ability to rescue optomotor responses relative to this background. L3 ort rescue completely re-established the responses to dim OFF edge motion ( Figures 7C and 7D) . These findings show that the L3 pathway is sufficient for behavioral responses to motion stimuli, again in dim light, indicating that fast contrast computation is still present in the L3 pathway in addition to its luminance sensitivity.
DISCUSSION
In this study, we have demonstrated that contrast sensitivity alone is not sufficient to explain the behavioral response to visual stimuli. Luminance, the primary input to the visual system, is additionally required for behavioral responses. We have shown that the two OFF pathway neurons, L2 and L3, are sensitive to fundamentally different visual features, contrast, and luminance. The presence of a luminance-sensitive pathway boosts behavioral performance where contrast pathways prove inadequate, demonstrating a role for luminance in image processing. The specific requirement of luminance signals in behavior, along with the underlying L3 physiology, are consistent across a range of adaptation states. Together, our data suggest that visual processing can handle changing light conditions because the basic luminance feature is passed on by the early fly visual system and is utilized to modulate further computations in a behaviorally relevant way.
Transient and Sustained Signals Co-exist in the Visual System and Other Sensory Systems
Here, we have shown that a sustained component in the lamina neuron L3 is sensitive to luminance. First-order visual interneurons have been characterized extensively, and canonical LMCs are generally thought to be ''amplified and more transient versions of photoreceptor responses'' [13] and, therefore, contrast sensitive. This contrast sensitivity is visible in L2 calcium responses. However, it was noted that L3 is physiologically distinct and has a more pronounced sustained component and a slower temporal filter compared with those of L1 and L2 [19, 21, 34, 35] . Electrophysiological recordings showed that the L3 membrane potential did not return to baseline upon prolonged visual stimulation [34, 35] . Our data show that this is more pronounced for calcium signals and that L3 responds to a step change in luminance with a step change in GCaMP signal. Luminance information is retained in a specialized L3-mediated pathway in parallel to contrast-sensitive pathways to facilitate visual processing under conditions that are challenging for purely contrast-sensitive pathways.
The parallel presence of sustained (tonic) and transient (phasic) responses has been observed in different neural systems. Examples include proprioceptive neurons, where tonic and phasic neurons encode joint position and movement, or mechanosensory neurons from Johnston's organ, where tonic and phasic responses encode antennal deflection and vibration, respectively (e.g., [40, 41] ).
Luminance Information Ensures Contrast Constancy when Light Levels Suddenly Decline
Our findings suggest that a behavioral response to a stimulus of varying temporal contrast in the Drosophila OFF pathway is computed in two phases-first, contrast-sensitive LMCs, such as L2, report the luminance difference relative to the adapted luminance, and this signal is then subjected to corrective modulation with the luminance information from the L3 pathway. In species ranging from flies to humans, photoreceptor adaptation mechanisms operate on different timescales, typically a faster one that takes a fraction of a second and a slower one that lasts several seconds or minutes [6, 10] . These processes allow visual systems to operate under a wide range of luminances to detect contrast as a salient feature in the environment. However, fast changes in mean luminance caused by a shadow or by an animal's own movement would cause high contrasts to elicit only very small photoreceptor responses if the adaptation state was not yet fully caught up. Consequently, signals encoded by contrast-sensitive neurons would underrepresent the physical contrast. The presence of a luminance-sensitive pathway appears to overcome these limitations to ensure accurate motion detection in sudden dim light. This could happen through excitatory interactions between the L3 and the L2 pathways. At low luminance, when L3 is most active, such an interaction would amplify signals from contrast-sensitive neurons and thereby allow for a behaviorally adequate response. Such an interaction between luminance-and contrast-sensitive channels might be a general mechanism implemented in visual systems to explain robust behavioral responses when adaptation timescales are insufficient.
Mechanisms of Luminance and Contrast Processing Downstream of the Lamina
Luminance and contrast signals must ultimately be combined to control motion-guided behaviors. This could for example happen in the transmedullary (Tm) or medulla intrinsic (Mi) neurons that are postsynaptic to LMCs [42] . One major postsynaptic partner of L3, Tm9, possesses similarly sustained responses to those seen in L3 [23] . Interestingly, Tm9 has wide receptive field properties, potentially receiving input from several neighboring columns [23] . Thus, Tm9 could serve to integrate over space to identify a change in illumination and help to distinguish global from local changes in signal. Tm9 responses further depend on the biphasic ON pathway input L1 [23] , arguing that transient and sustained responses are combined at this stage. All other major medulla OFF pathway interneurons receive predominant input from L2 and have transient response kinetics [33, 42, 43, 44] . Medulla neurons of the ON pathway can also be separated into sustained and transient types, and connectomics suggests that L3 could provide luminance information to both ON and OFF pathways [45] . Thus, relative lamina neuron contributions might determine downstream response properties. Further integration could happen in the dendrites of the downstream direction-selective T4 and T5 cells. Luminance information might simply act on contrast signals to scale them before they are spatiotemporally compared. The addition of a DC component also enhanced predictions of motion responses to slow apparent motion stimuli and reverse-phi illusion [46, 47] . Luminance-sensitive L3 responses may thus provide the neural substrates for conveying this DC component to downstream visual circuitry. Finally, L3 feeds into the color pathway by for example providing input to Dm9 cells [48] and could thus help establish color constancy.
A Role for Luminance in Image Processing Might Be a Common Feature of Visual Systems
Our finding that the presence of luminance information downstream of photoreceptors allows for appropriate behavioral response could suggest a selective advantage for animals living in certain environments. It will be interesting to see if different species with specific ethological constraints have evolved similar luminance-sensitive pathways and how they facilitate visual behaviors. The requirement for such a pathway appears to be greater in animals encountering broad luminance variance over short time periods. Although local mean and variance in natural scenes vary independently, a positive correlation between them sometimes exists because of shadows [49] . Because objects in bright sunlight tend to cast darker shadows, diurnal animals are more likely to encounter wide variance and to possess a luminance-sensitive channel. Nocturnal animals, on the other hand, may require luminance information to tackle challenges posed by low light levels. Therefore, luminance information preserved beyond photoreceptors might facilitate behavior in different ways depending on the species' ethology.
Physiologically different LMC subtypes have been described in different species. For example, LMCs in bumblebees and butterflies exhibit sustained components [50, 51] , and motionsensitive neurons perform better than photoreceptor responses predict in the nocturnal hawkmoth [32, 52] . Interestingly, presynaptic L2 and L3 calcium signals are highly reminiscent of sustained and transient calcium signals in bipolar cells of the vertebrate retina [53] [54] [55] . Information about luminance is retained past vertebrate photoreceptors at the rod bipolar cell to the AII amacrine cells synapse [25] . The rod bipolar cell pathway is an important player specifically in dim light conditions. Together, these findings suggest that luminance information in the vertebrate retina is also used to aid image processing. In line with this idea, human eyes come across substantial variation in luminance every few milliseconds when inspecting natural scenes with saccades [49, 56] . It has been suggested that gain control to luminance fluctuations also occurs within the retinal circuitry and past photoreceptor adaptation [57, 58] . Therefore, our finding that the visual system uses luminance information to aid contrast computation may reveal a general image processing strategy utilized across phyla.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Flies used for 2-photon imaging and behavioral experiments were raised on a standard molasses-based food on a 12:12 h light-dark cycle at 25 C and 55% humidity. Imaging experiments were conducted at room temperature (20 C) and behavioral experiments at 34 C. Female flies, 2-3 days after eclosion, were used for both types of experiments.
L2[21Dhh]-Gal4 was described in [37] , L3[MH56]-Gal4 in [59] , L3[0595]-Gal4 in [21] . UAS-GCaMP6f, UAS-shi[ts], Df(3R)BSC908 are from BDSC, UAS-ASAP2f is from [33] . The ort [1] chromosome described in [36] also carries the ninaE [1] mutation (see also [38] , and was therefore used in trans to a deficiency uncovering the ort but not the ninaE locus (ort [1] ,ninaE [1] /Df(3R)BSC809) for ort mutant analysis. UAS-ort was first described in [60] . Full genotypes are given in the table below. REAGENT L3 ort rescue w+; UAS-ort / +; L3[0595]-Gal4, ort [1] , ninaE [1] / Df(3R)BSC809 Figure 7 ort mutant w+; UAS-ort / +; ort [1] , ninaE [1] / Df(3R)BSC809 Figure 7 L3 ort ± control w+; + / +; L3[0595]-Gal4, ort [1] , ninaE[1] / + Figure 7 
METHOD DETAILS
Behavioral experiments
All behavioral experiments were conducted at 34 C, a temperature at which flies walk reliably and the restrictive temperature for shibire ts , and at 55% humidity. Female flies were cold anesthetized and glued to the tip of a needle at the dorsal side of the thorax using a UV-hardened Norland optical adhesive. A 3D micromanipulator positioned the fly above an air-cushioned polyurethane ball (Kugel-Winnie, Bamberg, Germany), 6 mm in diameter, located at the center of a semi-cylindrical LED arena [61] . The LED panels arena (IO Rodeo, CA, USA) consisted of 570 nm LEDs that spanned 192 in azimuth and 80 in elevation and was enclosed in a dark chamber. The pixel resolution was 2 at the fly's elevation. Rotation of the ball was sampled at 120 Hz with two wireless optical sensors (Logitech Anywhere MX 1, Lausanne, Switzerland), positioned toward the center of the ball and at 90 to each other (described in [62] ). Stimulus and data acquisition were coordinated using MATLAB. Data for each stimulus sequence were acquired for 15 min (see 'visual stimulation' for details).
Visual stimulation for behavior
The LEDs can show 16 different, linearly spaced, intensity levels. The luminance of each of these levels was measured at the fly's position using a LS-100 luminance meter (Konica Minolta, NJ, USA). These values, originally recorded in candela/m 2 , were converted to photons incident per photoreceptor per second, following the procedure described by [63] . In short, photon flux (570 nm for the LED arena and 475 nm for the screen at the 2-photon microscope) available per unit area, solid angle and time, were calculated. Estimating the fraction of this flux that enters each ommatidium required its average diameter, measured in D. melanogaster to be 16-17 mm and the half width of its angular sensitivity function, which was estimated to be 8.23 [64] . Native luminance corresponding to the highest LED intensity, computed this way, was approximately 11.77 * 10 5 photons s -1 photoreceptor -1 (corresponding to a measured luminance of 51.34 cd/m 2 ). The 15 dimmer luminances scaled linearly between this value and close to complete darkness. Flies were tested in an open-loop paradigm. Each epoch in a stimulus sequence consisted of an OFF edge moving at 192 /s on a uniformly lit background. Epochs with five such background luminances were presented in a randomized order, showing 60 to 80 trials each. In each epoch, the background intensity lasted 500 ms before motion of the OFF edge began. A 750 ms motion period was followed by a 1 s inter-stimulus interval, where the LEDs remained dark. Stimuli were presented in mirror-symmetric fashion (i.e., clockwise and anti-clockwise) to account for potential biases. When five OFF edge stimuli were interleaved, the display stepped to complete dark from 7%, 14%, 27%, 54% and 100% of the highest LED intensity (corresponding to five different background luminances: (0.98, 1.96, 3.92, 7.84 or 14.71 *10 4 photons*s -1 *receptor -1 background luminance). When a single OFF edge was repeated ( Figure 4D ), only the 7% of maximum intensity step was used. Neutral density filter foils (Lee filters) were placed in front of the LED arena to attenuate stimulus luminance. The foils were used individually or in combinations to achieve optical densities of 0.9 ( Figures  1,6,7 , S2), 1.8, 2.7 and 3.6 ( Figure 6 ), thus creating luminance regimes that spanned about four orders of magnitude. Data for each stimulus sequence were acquired for 15 min.
Two-photon imaging
Female flies were anesthetized on ice and then glued with a UV-sensitive glue (Bondic) onto a sheet of stainless steel foil, containing a hole for the head and thorax of the fly. Mounting and dissection was done at room temperature. Flies were positioned in a way that the head was tilted downward, looking toward the screen and exposing the back of the head. The cuticle on the back of the head was removed using breakable razor blades and fine forceps. The flies were perfused with a carboxygenated saline-sugar imaging solution. The saline composition was as follows: 103 mM NaCl, 3 mM KCl, 5 mM TES, 1 mM NaH 2 PO 4 , 4 mM MgCl 2 , 1.5 mM CaCl 2 , 10 mM trehalose, 10 mM glucose, 7 mM sucrose, and 26 mM NaHCO 3 . The pH of the saline equilibrated near 7.3 when bubbled with 95% O 2 /5% CO 2 . Imaging experiments were performed on a Bruker Investigator 2-photon microscope (Bruker, Madison, WI, USA), equipped with a 25x/1.1 objective (Nikon, Minato, Japan). The excitation laser (Spectraphysics Insight DS+) was set to 920 nm in order to excite GCaMP6f, applying 5-15 mW of power at the sample. Emitted light was sent through a SP680 shortpass filter, a 560 lpxr dichroic filter and a 525/70 emission filter. Data was acquired using PrairieView software at a frame rate of $20Hz using a frame size $60x200 pixels and 8x optical zoom.
Visual stimulation for imaging
For calcium imaging experiments, custom-written software using C++ and OpenGL was used to generate visual stimuli. For the stimulus projection, we used a LightCrafter (Texas Instruments, Dallas, TX, USA) running at a frame rate of 100 Hz. Stimulus light was sent through a 482/18 band pass filter onto an 8 cm x 8 cm rear projection screen, positioned anterior to the fly. The projection screen spanned 60 of the fly visual field in azimuth and 60 in elevation. For imaging experiments in Figures 2 and 3 and 7 , a ND1.0 neutral density filter (Thorlabs) was used to minimize stimulus bleedthrough, such that the brightest luminance measured at the fly's position was 1.87 * 10 5 photons s -1 photoreceptor -1 . For imaging experiments at different adapting luminances ( Figure 5 ), neutral density filters were used to change the mean luminance of the visual stimuli. Luminances between the two conditions varied $4-fold with 3.19 * 10 5 photons s -1 photoreceptor -1 maximum luminance for the bright condition and 7.55 * 10 4 photons s -1 photoreceptor -1 maximum luminance for the dim condition. We recorded the same flies in bright and dim conditions, and randomly switched the order between the two conditions for different flies. 
Prediction of contrast-sensitive LMC responses
Contrast-sensitive LMC responses were calculated for the stimuli tested in behavior (Figures 1,4,6 ). Different luminance regimes were generated using ND filters, and thus corresponded to different respective adapting luminances. LMC responses to different contrast steps at different mean adapting background luminances have been extensively characterized [22] , and the response of LMCs per unit contrast (contrast response) is shown to vary with background luminance [14] .
In our behavioral paradigm, contrast steps during OFF edge motion followed briefly displayed background luminances that differed from the adapting luminance. We calculated the adapting luminance I mean as the mean luminance of a stimulus trace, comprising equal occurrences of the five OFF edges and the dark inter-stimulus intervals.
To generate predicted LMC values for each adapting luminance, we fitted published data of LMC contrast response versus adapting luminance [14] with a sigmoid function using the method of least-squares: fðxÞ = a 1 + e ÀbÃðxÀcÞ where a = 133.9, b = 1.095, c = 4.505.This function was used to generate contrast response values (k) as a function of the adapting luminances calculated for each luminance regime in our experiment. Contrast-response curves for an LMC can be best approximated by logistic sigmoid curves [14] centered at zero contrast and having a slope parameter equivalent to -k. Thus, the following logistic function gave the predicted LMC responses, if a step was taken from I mean to the individual background or OFF edge luminances:
LMC contrast-response curves in [16] were obtained by adapting the flies to a particular luminance and then exposing them to steps of different Weber contrast. Here, contrast c is the temporal Weber contrast of either the luminance of the OFF edge or the background as if steps were taken from the adapted luminance to either of these luminances. Therefore, contrast of the OFF edge was always À1, and contrast of the background varied.
Contrast-sensitive LMC responses to the OFF edge moving onto a background were then calculated as
where R OFF is the contrast-sensitive LMC response if the step was taken from I mean to the OFF edge intensity (0), and R background is the LMC response if the step was taken from I mean to the background luminance.
Contrast-sensitive LMC responses (R) were compared against behavioral responses measured for the same OFF edge stimuli (Figures 1C, 4C, 6A ).
QUANTIFICATION AND STATISTICAL ANALYSIS
Analyses of calcium imaging data as well as behavioral data were done using MATLAB (Mathworks, Natick, MA).
Two photon calcium imaging analysis
To correct for movement during the imaging experiments, cross-correlation upon Fourier transformation was used to align the acquired images to a reference stack composed of a maximum intensity projection of the first 30 frames. All responses and visual stimuli were interpolated to 10 Hz and then averaged across the repeating trials. Regions of interest (ROIs) were selected manually and an average intensity within individual ROIs was computed for each frame in order to generate a time trace of the response of each ROI. All responses and visual stimuli were interpolated to 10 Hz and then averaged across the repeating trials. An exception was ASAP2f voltage recordings, which were interpolated at 30 Hz. For all the stimuli, single ROI responses from L2 and L3 neurons were correlated with the stimulus, and only the ones that were negatively correlated with the stimulus were used for the analysis [23] . Mean responses were calculated for all ROIs within a fly, and then between flies. All statistical analysis was performed between flies. Full field flashes For calculating dF/F = (F -F 0 )/F 0 , the mean fluorescence intensity signal of the whole trace was used as F 0 . ON or OFF flashes from intermediate gray For calculating dF/F, the mean fluorescence intensity signal of the trace to the gray step was used as F 0 . Peak OFF responses to the OFF-to-gray or ON-to-gray steps were calculated relative to the mean response over the 2.5 s before the step. A two-tailed Student's t test was used to test for statistical differences between equivalent OFF steps.
Flashes of different luminances
To calculate dF/F, the mean fluorescence intensity signal of the trace to the 100% ON step was used as the F 0 . The plateau response was calculated as the maximal difference in the calcium signal at the last 2 s of the response compared to the mean baseline response during 2 s before the step. One-way analysis of variance (ANOVA) was used to test for differences between responses to different steps ending at the same luminance. We used Shannon's information theory to estimate which cell encodes more information about luminance according to [65] . Mutual information was calculated either for the whole response trace, or for 2 s time bins. Contrast steps from the adapted background stimulus: To calculate dF/F, F 0 was calculated as the mean calcium response at the last 5 s of the 30 s adaptation period. Calcium responses were calculated as the maximal calcium response in the first 3 s after the step (for both A and B step) compared to the mean baseline response over the period of 5 s before the step. One-way ANOVA was used to estimate whether responses to the B step were significantly different within the same genotype.
Behavioral analysis
To analyze behavioral responses of flies to moving stimuli, yaw velocities of the flies were derived as described in [62] . Velocities in the direction of stimulus motion were deemed positive and those against the stimulus, negative. Fly responses to each mirror-symmetric stimulus pair were aggregated while computing mean response of the fly to that stimulus category. Time series of turning responses presented here consist of velocities averaged across flies ± SEM ( Figures 1B, 4A ,D, 6B, 7C, Figure S3A ). Flies with a forward walking speed less than 3 mm/s were discarded from the analysis, resulting in rejection of approximately 20% of all flies. Peak turning velocities were extracted for each fly from trial-averaged instantaneous yaw velocities over the stimulus motion interval (750 ms), considering a 100 ms response latency. These peak velocities were then adjusted for baseline turning separately for each fly, by subtracting the maxima of the trial-averaged velocities over the last 200 ms of the preceding inter-stimulus intervals. Mean turning of flies from control and experimental genotypes was first tested for normal distribution using a Kolmogorov-Smirnov test. To examine statistical differences between genotypes, two-tailed Student's t tests were used. Data points were considered significantly different only when the experimental group differed from both genetic controls significantly ( Figures 4B, 6B, 7D; S3B) .
DATA AND CODE AVAILABILITY
The datasets generated during this study are available at Mendeley Data https://dx.doi.org/10.17632/p7xskvwktk.1. Analysis code corresponding to the key analyses is available at https://github.com/silieslab/KetkarSporar_CurrBiol_2020. Further information is available upon request by Lead Contact, Marion Silies (msilies@uni-mainz.de).
